, and (iv) analysis of sugars and fermentation products. A Streptococcus species dominated the fermentation and accounted for between 25 and 75% of the total flora throughout the process. Results also showed that the initial epiphytic aerobic microflora was replaced in the first 2 days by heterofermentative lactic acid bacteria (LAB), including a close relative of Lactobacillus fermentum, producing lactic acid and ethanol; this heterolactic flora was then progressively replaced by homofermentative LAB (mainly close relatives of L. plantarum, L. casei, and L. delbrueckii) which continued acidification of the maize dough. At the same time, a very diverse community of yeasts and fungi developed, mainly at the periphery of the dough. The analysis of the DGGE patterns obtained with bacterial and eukaryotic primers targeting the 16S and 18S rDNA genes clearly demonstrated that there was a major shift in the community structure after 24 h and that high biodiversityaccording to the Shannon-Weaver index-was maintained throughout the process. These results proved that a relatively high number of species, at least six to eight, are needed to perform this traditional lactic acid fermentation. The presence of Bifidobacterium, Enterococcus, and enterobacteria suggests a fecal origin of some important pozol microorganisms. Overall, the results obtained with different culture-dependent or -independent techniques clearly confirmed the importance of developing a polyphasic approach to study the ecology of fermented foods.
In most tropical countries where dairy products are difficult to store, starchy foods (cassava, maize, sorghum, etc.) are the basis of the daily diet. To improve the storage possibilities, traditional processes using spontaneous fermentations have been developed over the centuries. In southeastern México and Guatemala, Indians and mestizos use maize as a staple of the daily diet and prepare a traditional fermented maize dough called pozol (47, 50) . Cobs of white maize are shelled, and the kernels are cooked in the presence of lime and washed to remove the pericarps. The grains are then coarsely ground, shaped into balls, wrapped in banana leaves, and allowed to ferment at ambient temperature for 2 to 7 or more days. The resulting fermented dough is suspended in water and drunk daily as a refreshing beverage. A wide variety of microorganisms, including fungi, yeasts, lactic acid bacteria (LAB), and non-LAB, have been isolated from this spontaneous fermentation (33, 47, 51) . In order to demonstrate the role of these organisms (particularly the LAB) in the production of pozol, it is essential to quantify the predominating groups of organisms and to investigate the dynamics of the overall community. In addition, the final quality of the product and storage of the product strongly rely on the way the fermentation was performed. Identifying the key organisms is a necessary step in the development of a mixed starter culture that would standardize the manufacture of this product.
In the last decade, it was shown that conventional microbial techniques do not allow us to obtain a real view of microbial diversity (5, 23, 35, 54) . This was first demonstrated for environments such as hot springs (52) , the rumen (26), or wastewater treatment plants (19) , where many microorganisms are difficult to cultivate or thought to be nonculturable. Recently, we showed that the same statement applies to apparently simpler environments, such as traditional fermented foods in which "culturable" microorganisms predominate: culture methods not only underestimated biodiversity but failed to quantify precisely some dominant taxa (8) . Culture-independent techniques derived from studies of other environments were therefore adapted to (i) extract total nucleic acids (6), (ii) quantify rRNAs with phylogenetic probes targeting foodrelated organisms (7) , and (iii) obtain a fingerprint of total species diversity by denaturing gradient gel electrophoresis (DGGE) (8) . Due to the inherent biases of both culture-dependent and -independent methods, it is very important to combine several methods to obtain the most realistic view of the structure of the microbial communities studied.
In this work, we applied this polyphasic approach of microbial ecology to study the dynamics of the microbial community responsible for the fermentation of maize dough during the production of pozol. The stratification of microorganisms within a ball of pozol has already been demonstrated (8) ; in this study the dynamics of the microbial community was monitored both in space and in time.
MATERIALS AND METHODS
Pozol sampling. Freshly prepared pozol balls wrapped in banana leaves were bought at Atasta market (Villahermosa, México) and incubated at 30°C. Sampling was performed at 0, 4, 24, 48, 72, and 96 h. Each ball weighed between 200 and 300 g. Two approximately 50-g samples were taken from each ball (periphery and center; see reference 8 for details), aseptically diluted 10-fold in sterile 0.9% NaCl, and blended with a Waring blender. Each sample was immediately subsampled in identical portions for further analysis. The portions used for microbial enumeration and pH determination were immediately processed. For highpressure liquid chromatography (HPLC) analysis, 0.2 ml of 2 N H 2 SO 4 was added to 1.3-ml portions, tubes were centrifuged for 10 min at 10,000 ϫ g, and supernatants were analyzed as described below. The portions used for RNA and DNA extraction were frozen (Ϫ20°C) until they were analyzed.
Enumeration of microorganisms. Serial dilutions of blended pozol samples in 0.9% NaCl were used for microbial enumerations with the following media: plate count agar (PCA) (Difco) for estimation of total aerobic mesophilic bacteria; MRS-glucose (Difco) for LAB (12) ; MRS-starch (containing 2% soluble starch [Prolabo, Paris, France] instead of glucose) for amylolytic LAB (18); EPS (10 g of tryptone per liter, 5 g of yeast extract per liter, 100 g of sucrose per liter, 1 g of sodium citrate per liter, 5 g of glucose per liter, 2.5 g of gelatin per liter, 15 g of agar 15 per liter) for exopolysaccharide-producing strains (17) ; violet red bile glucose (VRBG) (Difco) for enterobacteria (28) ; and potato dextrose agar (Merck) containing 14 mg of tartaric acid per liter, 50 mg of chloramphenicol per liter, and 50 mg of rose bengal per liter for yeasts and other fungi.
All enumerations were done by plate counting. Portions (0.1 ml) of appropriate dilutions were spread plated in triplicate. LAB and amylolytic LAB were plated with an overlay of the same medium. Counts were obtained after 48 h and 5 days of incubation at 30°C. Results were calculated as the means of three determinations.
Analysis of sugars and fermentation products. The concentrations of soluble starch, sugars, ethanol, and organic acids were assayed by HPLC as previously described (8) .
Preparation of rRNA standards from pure cultures. T . All strains were grown in appropriate rich media, and total RNA was extracted from exponentially grown cells as previously described (6) .
RNA and DNA isolation from pozol. Total RNA was extracted from pozol by a previously described method adapted to samples with a high starch content, including pozol (6), and total DNA was isolated from pozol as previously described (8) .
Hybridization probes. The oligonucleotide probes used are described in Table  1 . All of the probes used target the small subunit (SSU) of rRNA, and the temperatures used for the stringent washes are indicated in Table 1 . The specificity of the probes was checked with the PROBE_MATCH command of a recent release of the Ribosomal Database Project (RDP) (27) (last verification, September 1999). Synthetic HPLC-purified oligonucleotides (Eurogentec, Seraing, Belgium) were 3Ј end labeled with digoxigenin by following the instructions of the manufacturer (Boehringer Mannheim).
rRNA quantitative hybridization. RNA quantitative hybridization was performed as described before (7, 45) . The abundance of microorganisms is expressed as the fraction of the total rRNA in the sample (RNA indices). The lower limit for detecting a unique rRNA SSU in the 2 g of nucleic acid spotted on the membrane was between 2 and 10 ng of SSU-like rRNA.
PCR-DGGE. Amplification of total pozol DNA was performed with a PerkinElmer model 9400 thermal cycler. The bacterial community DNA was amplified with primers gc338f and 518r spanning the V3 region of the 16S ribosomal DNA (rDNA) ( Table 1 ) (34) as previously described (8) . The eukaryotic community DNA was amplified with primers gcEuk1427f and Euk1616r spanning the 1427-1637 region of the 18S rDNA (48) . Each mixture contained 1 l of template DNA, each primer at a concentration of 0.5 M, each deoxynucleoside triphosphate at a concentration of 200 M, 1.5 mM MgCl 2 , 2.5 l of 10ϫ PCR buffer, 8 mg of bovine serum albumin per liter, and 1.25 U of Taq polymerase (Eurogentec) in a final volume of 25 l. Template DNA was denatured for 5 min at 94°C. Twenty-five cycles of denaturation (1 min at 94°C), annealing (1 min at 52°C), and extension (1 min at 72°C) were performed. The tubes were then incubated for 10 min at 72°C (final extension).
Aliquots (2 l) of the amplification products were analyzed first by electrophoresis in agarose gels. The PCR products were then analyzed by DGGE by using gels containing a 25 to 50% urea-formamide gradient (100% corresponded to 7 M urea and 40% [vol/vol] formamide) as described elsewhere (8) .
Analysis of the DGGE patterns. Scanned gels were analyzed with the QuantityOne software package (Bio-Rad, Richmond, Calif.) by using the strategy proposed by Eichner et al. (13) . The patterns were analyzed in two ways, as follows.
(i) After bands were assigned to the gel tracks and the corresponding bands in independent tracks were matched, Dice's coefficients of similarity [S D ϭ (2n AB )/ (n A ϩ n B ), where n A and n B are the total numbers of bands in tracks A and B, respectively, and n AB is the number of bands common to tracks A and B] and the clustering algorithm of Ward (53) were used to calculate dendrograms.
(ii) Two parameters were used to assess the structural diversity and the concentration dominance in the microbial community studied. After bands were assigned to the gel tracks, the Shannon-Weaver index of general diversity (HЈ) (43) was calculated with the following equation: HЈ ϭ Ϫ¥P i ⅐ log 2 P i , where P i is the importance probability of the bands in a track. HЈ was calculated on the basis of the bands in the gel tracks by using the intensities of the bands as judged by peak heights in the densitometric curves. P i was calculated as follows: P i ϭ n i /N, where n i is the height of a peak and N is the sum of all peak heights in the densitometric curve.
Using the same data, the Simpson index of dominance concentration (D) (44) was calculated by using the following function: D ϭ ¥P i 2 . The bands corresponding to DNA amplified from maize chloroplasts, mitochondria, or nuclei were not included in the analyses. The results given below are the means of two independent determinations performed after independent DNA extractions, PCR amplifications, and DGGE separations.
Sequencing of DGGE fragments. DGGE fragments were excised with a sterile scalpel. The DNA of each fragment was rapidly rinsed with 100 l of sterile water and eluted in 20 l of sterile water overnight at 4°C. One microliter of the eluted DNA of each DGGE band was reamplified by using the conditions described above. The success of this procedure was checked by electrophoresing 3-l portions of the PCR products in DGGE gels as described above with pozol amplified DNA as a control. PCR products which yielded a single band that comigrated with the original band were then purified and sequenced. Sequences of these gene fragments were determined by the dideoxy chain termination method with an ABI PRISM dye terminator kit (Perkin-Elmer) using primer gc338f.
Analysis of the sequence data. To determine the closest known relatives of the partial 16S rDNA sequences obtained, searches were performed in public data libraries (RDP and GenBank) with the BLAST and RDP programs (27) . The CHECK_CHIMERA command of the RDP was used to try to detect chimeric sequences.
Nucleotide sequence accession numbers. The GenBank accession numbers for 16S rDNA partial sequences retrieved from DGGE bands are given in Table 2 .
RESULTS
The dynamics of the microbial community of pozol balls from Villahermosa (Tabasco, México) was monitored during a 4-day fermentation by (i) microbial enumeration with culture media, (ii) DGGE fingerprinting of total community DNA with bacterial and eukaryotic primers and identification of the bands by sequencing, (iii) quantification of rRNAs from microbial taxa using phylogenetic oligonucleotide probes, and (iv) analysis of sugars and fermentation products.
Enumeration and isolation of microorganisms. The total microflora and specific groups of organisms were enumerated by using six different culture media (Fig. 1) . The total microflora concentration was high (approximately 10 9 to 10 10 CFU ⅐ g Ϫ1 on PCA) and increased during fermentation, and the counts were consistently five times higher at the periphery than in the center of the pozol balls. The counts on MRS-glucose and MRS-starch were close to those on PCA. The number of exopolysaccharide producers increased during the first day of fermentation from 10 7 to 10 8 CFU ⅐ g
Ϫ1
. This increase continued at the periphery and a concentration of 10 9 CFU ⅐ g Ϫ1 was reached while the numbers decreased to undetectable levels in the centers of the balls after 3 days of fermentation. A similar trend was observed for counts on VRBG medium representing the enterobacteria: up to 10 8 CFU ⅐ g Ϫ1 was present after 4 days of fermentation at the periphery of a ball, but in the center the number of cells decreased to 10 4 CFU ⅐ g Ϫ1 after 4 days of fermentation. The number of yeasts and fungi increased with fermentation time. Yeasts reached their maximum concentration (10 8 CFU ⅐ g Ϫ1 ) at the periphery at 24 h but the concentration continued to increase in the center after 4 days of incubation. Fungi reached their maximum concentration (10 8 CFU ⅐ g
) at 48 h at the periphery but were not detected before 72 h in the center. These changes in microbial counts were accompanied by a decrease in pH. This decrease was more rapid in the center than at the periphery. The final pH at the center of the ball was around 3.8; at the periphery the pH remained above 4 and a slight increase in pH was observed between 72 and 96 h. Community fingerprinting by DGGE. In addition to enumeration on culture media, the microbial population dynamics was monitored by DGGE. Two independent extractions of total DNA from each pozol sample were performed. Onemicroliter portions of 10 Ϫ2 and 10 Ϫ1 dilutions and undiluted total DNA were subjected to amplification, and the equal-size 16S rDNA PCR products were analyzed by DGGE. Repeated extractions as well as dilutions of a given sample gave identical fingerprints (data not shown).
(i) Bacterial community. The fingerprints of the bacterial community obtained contained up to 18 visible bands (Fig. 2) . The number of visible bands increased with fermentation time and there was a major shift between 24 and 72 h, but only minor differences were observed between samples taken at the same time at the periphery or in the center of the ball.
The bands of the DGGE profiles of pozol total DNA were excised from the acrylamide gel and reamplified with primers gc338f and 518r (Fig. 2 shows the original gel from which the bands were excised together with band numbers). Before being sequenced, each PCR-reamplified DGGE band was run on a denaturing gradient gel to confirm its position relative to that a Bands were extracted from the DGGE gel shown in Fig. 2 . We were not able to obtain sequences from bands 2, 4, 9, 14, and 11.
b Percentage of identical nucleotides in the sequence retrieved from the DGGE gel and the sequence of the closest relative found in the GenBank and RDP databases.
in the original pozol sample. All of the sequences retrieved corresponded to portions of 16S rDNA genes ( Table 2 ). The majority of the DGGE bands corresponded to LAB, and the most intense band (band 12) corresponded to a Streptococcus species (Streptococcus bovis was the closest relative found by sequence comparison) present throughout the fermentation and throughout the pozol ball. Other LAB partial rDNA sequences corresponded to close relatives of Lactobacillus casei, Lactobacillus delbrueckii, L. fermentum, L. plantarum, Enterococcus saccharolyticus, and B. minimum (bands 5, 13, 16, 17, 15, and 6, respectively). Other non-LAB microorganisms identified were relatives of the aerobic bacterial genera Exiguobacterium (Exiguobacterium aurantiacum and Exiguobacterium acetylicum; bands 3 and 10) and Oxalophagus (band 8). Also, two bands corresponding to DNA from maize (mitochondria and chloroplasts; bands 1 and 11) were identified. These two bands were not included in the profile analysis described below. None of the sequences determined was found to have a chimeric nature. We were not able to purify very faint bands 2, 4, 9, 14, and 18. Bands corresponding to S. bovis and E. saccharolyticus were found at all fermentation times and both in the centers and at the peripheries of the pozol balls. Other bands, present at the onset of fermentation, disappeared after 24 or 48 h; these included bands 3, 8, and 10 corresponding to gram-positive strict aerobes. Finally, some bands that were not detected at the onset of fermentation were found after 24 h (band 16 corresponding to L. fermentum) or 48 to 72 h (bands 5, 13, and 17 corresponding to L. casei, L. delbrueckii, and L. plantarum, respectively).
The partial 16S rDNA sequences from DGGE bands or strains isolated from pozol in two independent studies (8; this work) were compared with those of reference organisms (Fig.  3) . The results show that the vast majority of the sequences (20 out of 24 sequences) were sequences of low-GϩC-content gram-positive bacteria, including LAB and strict aerobes, and that three sequences belonged to high-GϩC-content grampositive bacteria.
(ii) Eukaryotic community. The fingerprints of the eukaryotic community were radically different from those obtained with bacterial primers. Only two intense bands were observed in samples taken at 0, 4, and 24 h (Fig. 4) . After this, up to 20 faint bands appeared progressively for the periphery, but the number of bands obtained for the center remained very low. The most intense bands observed (arrows, Fig. 4 ) in all samples corresponded to nuclear DNA from maize, as shown by comigration with maize DNA standards (data not shown), and were not included in the analyses described below.
(iii) Analysis of similarity. The similarity between the DGGE patterns of the bacterial community was then evaluated by using the clustering algorithm of Ward (Fig. 5) . From 0 to 24 h, all of the DGGE patterns (centers and peripheries of the balls) belonged to a single cluster. A major shift occurred after 24 h: the DGGE patterns for 48 to 96 h belonged to a second cluster clearly separated from profiles obtained during the earlier stages of fermentation. In this second cluster, a subcluster consisting of the patterns from the centers of the balls could also be identified.
(iv) Biodiversity and dominance indices. The analysis of DGGE patterns was completed by estimation of the biodiversity and dominance indices derived from the work of Shannon and Weaver (43) and the work of Simpson (44), respectively. The bacterial biodiversity indices (HЈ) were similar for the samples taken at the peripheries and in the centers of the pozol balls (Fig. 6) . Interestingly, these indices increased after 24 h of fermentation. Conversely, the dominance indices for bacteria remained constant and low throughout the process. The indices obtained from the analysis of the eukaryotic community were radically different. The Shannon-Weaver index of biodiversity was initially very low, and it constantly increased at the periphery of a ball and reached its maximum value after 72 h of fermentation. Inside the ball, this index remained very low and started to increase only after 72 h of fermentation. A similar situation was observed for the concentration dominance index: this index was very high at the onset of the fermentation, but it rapidly decreased at the periphery and reached a minimum value close to that obtained for the bacterial community at 48 h. In the center, high dominance index values were measured throughout the process, although the values decreased slightly during the last 2 days of fermentation.
Quantification of 16S rRNA with phylogenetic probes. To quantify the apparently dominant taxa, total RNA was extracted directly from the same pozol samples and hybridized with previously described 16S rRNA-targeted oligonucleotide probes (Table 1 ; Fig. 7) . rRNA indices obtained with the Lacb0722 probe targeting all LAB show that this taxon accounted for the majority of the active microorganisms in pozol. At the onset of the fermentation, LAB accounted for around 75% of the total active flora. In the center of a ball, this proportion rapidly reached values over 90%; at the periphery, the relative importance of LAB was somewhat less, although this taxon always accounted for more than 70% of the total active flora. Group-specific probes (Lab158 and Strc493), genus-specific probes (LU2, 212R1a, and lm3), and species-specific probes (Lbpe and Lbfe) were then used to study the LAB microbial assemblage. Probe Lab158 targets the genera Lac- (16) . rRNA indices obtained with probe Lab158 were low at the onset of fermentation (5 to 10% of the total active flora) but increased during fermentation and reached 25% of the total active flora in the center of a ball. It seems that this increase was more rapid at the center than at the periphery, where the highest counts were measured at the end of the process. The proportion of the genera targeted by probe Strc493 increased throughout the fermentation process, and these organisms accounted for around 75% of the active flora at the end of the process. Two other probes targeting subgroups of LAB were also used. Quantification with probe LU2 showed that the genus Leuconostoc accounted for less than 2% of the active flora at the onset of fermentation; this proportion then increased to 4 to 7% at 24 to 48 h before decreasing during the last 2 days. The genus Lactococcus (probe 212R1a) accounted for less than 5% of the active microflora in all of the samples tested. As the index values obtained with probes targeting the genera Lactococcus and Leuconostoc were low, the high values obtained with probe Strc493 were mainly due to the presence of members of the genus Streptococcus. In addition, this probe targets the region amplified for DGGE analysis, and the sequences retrieved after the DGGE analysis (Table 2) can be compared with that of probe Strc493. The sequence from band B12 (whose closest relative is S. bovis) showed a complete match with the probe, whereas all other sequences exhibited at least two mismatches with Strc493. Therefore, it can be assumed that the signal obtained with this probe represents the proportion of the Streptococcus species corresponding to band B12, and indeed the high signal value obtained with rRNA hybridization is in good agreement with the very intense bands obtained during the DGGE analysis, which makes this the dominant species throughout fermentation of pozol.
The species L. fermentum and L. plantarum were quantified with two phylogenetic probes reported by Schleifer et al. (40) .   FIG. 3 . Relationships of partial 16S rDNA sequences derived from pozol DGGE bands or organisms isolated from pozol to those of reference organisms obtained from GenBank. Sequences from this study (bands B1 to B17) and from a previous study (bands A1 to A6, strains LEU and MRS) (8) are included. A neighbor-joining analysis with bootstrap (1,000 samples) was performed by using the ClustalX and NJPlot programs. Zea mays chloroplast and related sequences were chosen as an outgroup. Bootstrap values are given at nodes when they exceed 50%. The scale bar represents an estimated 5% difference in nucleotide sequence.
The specificity of the oligonucleotide probes designated for quantification of these two species was first evaluated with both the CHECK_PROBE command of the RDP program (27) and slot blot hybridization experiments. Cross-reactions were not observed with members of other species of LAB (data not shown). The signal value obtained with probe Lbfe targeting L. fermentum was below the detection level (Ͻ0.2%) at the onset of fermentation. It then increased to a maximum of 10% (center) to 15% (periphery) of the total flora after 48 h of fermentation before decreasing again to 5 to 7% at the end of the process. L. plantarum rRNA was not detected in the first 48 h of fermentation. At 48 h, this species accounted for 4 to 6% of the total microflora, and this proportion steadily increased to 8 to 15% of the active population at the end of the process. Other LAB species could not be quantified by the same strategy because specific probes are not available (in particular, there is no probe for E. saccharolyticus, which may be an important species in the fermentation according to the DGGE analysis).
The presence of a Bifidobacterium species revealed by sequencing band B6 (Table 2 ) was confirmed by quantitative hybridization of rRNAs by using probe lm3. This genus was not detected at the onset of fermentation (rRNA index, Ͻ0.05%); rRNA from bifidobacteria was detected at 48 h and the final proportion was 6.5% at the periphery of a ball. In the center, bifidobacteria could be detected from 48 h to the end of fer- 
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MICROBIAL DYNAMICS DURING POZOL PRODUCTION 3669 mentation, but their relative importance remained very low (0.08 to 0.14%). Finally, quantification of enterobacterial rRNAs revealed that this group could account for a significant percentage of the total flora of pozol, although the number of enterobacteria decreased by the end of the fermentation.
Sugars and fermentation products. To assess the overall metabolic activity in pozol, free sugars, soluble starch, and fermentation products were assayed. The only free sugars identified were maltose and glucose (in particular, no fructose or sucrose was found), but the concentrations were very low (always less than 1 mol ⅐ g Ϫ1 [ Fig. 8]) Conversely, large amounts of soluble starch were found throughout the process. Lactate, ethanol, and formate were the only fermentation products identified. The concentration of lactate increased throughout fermentation and reached high final values (150 to 200 mol ⅐ g Ϫ1 ) close to those previously reported for lactic acid fermentations of maize and cassava (8, 10) . High concentrations were reached more rapidly in the center, although a higher final concentration was observed at the periphery. Large amounts of ethanol were also produced between 24 and 48 h in the center of a pozol ball. At the periphery, ethanol was produced only after 48 h. Finally, significant amounts of formate were found throughout the fermentation, although no obvious pattern for its production could be identified.
DISCUSSION
A polyphasic approach was used to monitor the dynamics of the microbial community during fermentation of maize dough to produce pozol. Together, the results obtained indicate a three-stage process. The first stage started with a large initial flora, most probably a consequence of natural inoculation of maize dough during grinding (50) . This initial flora contained at least two streptococci, members of the genera Streptococcus and Enterococcus, which accounted for a high proportion of the microflora throughout the process, and strict aerobes, including Exiguobacterium species. The latter organisms were present in pozol during the first days of fermentation, most probably consuming the available oxygen, but then declined to undetected levels. During the second stage (24 to 48 h), heterofermentative LAB, including Leuconostoc species and L. fermentum, developed and reached a maximum level at 48 h. The importance of these heterofermentative organisms was shown by the production of high levels of ethanol, the concentration of which was close to that of lactate. The importance of L. fermentum in fermentation of pozol and more generally in maize has been confirmed by previous observations of different products. A very high number of L. fermentum strains were isolated from maize dough in Ghana (21) and also from mawè and ogi in Bénin (2) and pozol in México (8) . The strains from Bénin and México were found to have high amylolytic capabilities, strongly suggesting that L. fermentum may be a key organism for fermentation of maize, making the large amounts of starch available to the overall community. This suggestion is supported by the high number of amylolytic LAB found during pozol fermentation (this work). Interestingly, the development of L. fermentum in pozol (as shown both by DGGE analysis and by rRNA quantification) coincided with the shift in the microbial community structure observed between 24 and 48 h as revealed by the clustering analysis with the DGGE profiles. In addition, the production of lactic acid by the heterofermentative LAB resulted in a decrease in the pH (to around 4.2, corresponding to final pH obtained for pure cultures of amylolytic L. fermentum strains [2] ), which was most probably responsible for the development of yeast and fungi at the periphery of a ball. Finally, according to enumeration on VRBG medium, the number of enterobacteria present at the onset of fermentation decreased within a ball, whereas the number increased at the periphery. The final stage (48 to 96 h) of fermentation was characterized by a decrease in the concentration of heterofermentative LAB and the development of homofermentative LAB (close relatives of L. plantarum, L. casei, and L. delbrueckii) and a Bifidobacterium species, none of which were detected at the earlier stages of the process. This development coincided with a further decrease in pH, particularly in the center of a ball. The acid-resistant homofermentative LAB were able to develop while the concentration of lactic acid was high and the pH was close to or below 4, and they continued the acidification process, as previously found for fermentation of cassava (10) and other nondairy lactic acid fermentations, such as cucumber (36) and sauerkraut (11) fermentations. Finally, the development of Bifidobacterium, together with the production of ethanol (and not acetate) by heterolactic LAB (1), strongly suggests that anaerobic conditions prevail in pozol.
As previously shown, the composition of the microbial community within a pozol ball varies. Thus, the populations of yeasts, and fungi, exopolysaccharide producers, bifidobacteria, and enterobacteria tended to develop more at the periphery than in the center. Surprisingly, strict anaerobes (bifidobacteria) and strict aerobes (fungi) coexisted at the periphery of a ball, where oxygen from the air should have been available; the very dense microorganisms most probably rapidly used this oxygen in such a way that the apparent concentration of oxygen was zero. Such a phenomenon has been observed in anaerobic digesters in which strict aerobes have been found (H. Macarie, personal communication). Conversely, the very low number of bifidobacteria in a pozol ball suggests that nutrients required for growth of these organisms are not available in the ball, whereas they may be produced by organisms present only at the periphery, such as fungi. The presence of several uniden- tified peaks in the HPLC analysis (data not shown) and the nutritional requirements of well-studied bifidobacteria (9) are in agreement with this hypothesis. Also, the yeasts developing mainly at the peripheries of pozol balls tend to limit the decrease in pH through the consumption of lactic acid (8, 33) , another phenomenon that would help the development of bifidobacteria otherwise affected by low pH. Other organisms, such as L. plantarum and L. fermentum, were distributed equally in the pozol balls.
One of the advantages of DGGE fingerprinting is that it allows comparison of total bacterial communities of different samples through pattern analysis. The clustering analysis performed here demonstrated that the major shift during fermentation of maize took place between 24 and 48 h: from 0 to 24 h, all patterns belonged to a single cluster. After 48 h (i.e., from 48 to 96 h), the patterns were significantly different, and samples from the center of the periphery of a ball could be clearly identified, implying that the position in the pozol ball clearly influenced the development of bacterial groups. In addition, our results demonstrate that the number of dominating microorganism species is not limited to two or three: at least six to eight bacterial species plus some yeasts and fungi dominate the process. If a dominating flora had been present, the Simpson dominance index would have increased, which was not the case. Unlike the generally accepted idea that a few species are selected and rapidly dominate traditional fermentations (see, for example, references 20 and 22) , the analysis of biodiversity in ecological terms with the Shannon-Weaver index showed that there was an increase in biodiversity. One of the hypotheses to explain this increase in biodiversity involves the availability of the carbon and/or energy source. Free sugars were found only in trace amounts in pozol due to the repeated washes of maize grains and dough prior to fermentation (8, 51; this work). Therefore, starch appears to be an important carbon and energy source. In the first stages of fermentation, only a few organisms were capable of using this starch. However, while developing, the amylolytic LAB released amylases that degraded starch into dextrins and maltose, thus making it available for a larger number of strains, including nonamylolytic strains. In addition, the fermentation products (lactate, formate, and ethanol) may also serve as carbon sources for some organisms, such as yeasts, that were previously shown to grow with lactate (8, 33) . Such an increase in biodiversity has been observed previously in other ecological systems. For example, Roger et al. (37) found that the diversity of arthropods during crop cycles in rice fields increased with time after transplanting and that there was not drastic selection. We believe that this observation is crucial if one is to develop a microbial starter that mimics the traditional fermentation in order to standardize the process, as is often claimed (39) . One to three species are definitively not the only dominating species of a fermented food, at least in the case of pozol, and complex starters such as that proposed for the fermentation of cocoa (41) should be designed in order to produce a final product with all the desired organoleptic qualities.
Interestingly, at least two sequences could not be associated with a known genus, and several sequences differed significantly from the closest reference 16S rDNA sequence. Although not based on complete 16S rDNA sequences, this observation strongly suggests that pozol may be an unexplored reservoir of unknown bacterial species.
Moreover, the sequences obtained in two independent studies exhibit a very high number of similarities: quasi-identical sequences were found, for example, for bands A6 and B12, bands A3 and B5, or bands A3 and B2. The DGGE profiles obtained in the two studies were also very similar (data not shown), and close relatives of L. plantarum, L. fermentum, L. casei, S. bovis, B. minimum, or E. aurantiacum were repeatedly found. This observation strongly suggests that these particular species all play a specific role and that a typical microflora responsible for fermentation of pozol may exist, although the variability should be investigated on a larger scale.
The limitation of cultivation methods for studying the ecology of microorganisms has been widely discussed already (5), including in the case of fermented foods (8) . Culture-independent methods that rely on analysis of rRNA (or the corresponding rDNA) have been shown to improve significantly knowledge concerning the ecology of microorganisms both through the study of biodiversity and identification of microbial species and through the quantification of the dominant phylogenetic groups. Despite the advantages provided by the alternative cultivation-independent methods, these methods also have their inherent biases (3, 46, 49) , as discussed previously (8) . In this work, we combined two molecular methods, DGGE and rRNA quantification, to fulfill two requirements: getting an overview of species diversity, at least as far as dominant organisms are concerned, was the objective of DGGE community fingerprinting, while quantification of rRNAs with phylogenetic probes provided numerical data on community structure. A recent study proposed to group both objectives in a single experiment: Felske et al. (14) quantified microbial taxa using multiple quantitative reverse transcription-PCR temperature gradient gel electrophoresis and found that visible bands FIG. 9 . Comparison of quantification of four organisms during fermentation of pozol as determined by using either the relative intensities of DGGE bands (E) or the relative amounts of 16S rRNAs determined with phylogenetic oligonucleotide probes (F).
in gradient electrophoresis fingerprints of soil samples may account for 50% of the total microflora, with the other half composed of minor species that account for less than 1% each. To check the validity of such a combined approach, we used the data obtained in this work and compared quantification with four rRNA probes with the relative intensities of the four corresponding DGGE bands. Because no internal standard was added in our PCR experiments, only relative intensitiesand not absolute amounts of DNA-could be compared with RNA indices. The relative intensities of bands B6, B12, B16, and B17 were compared with the RNA indices obtained with probes lm3 (Bifidobacterium), Strc493 (Streptococcus), Lbfe (L. fermentum), and Lbpe (L. plantarum), respectively (Fig.  9) . Quite a good correlation was obtained for quantification of L. plantarum and Bifidobacterium, suggesting that the PCR step prior to DGGE analysis was not selective, at least in the case of these two organisms. However, the detection limit with DGGE was around 1 to 3%, whereas the detection limit decreased to around 0.1% when rRNA hybridizations were used. This detection limit can be compared with those of ideally unbiased culture techniques: to quantify a microbial taxon accounting for 0.1% of total flora with a precision of Ϯ25% (with ␣ ϭ 0.05), one should isolate and identify 61,404 strains, clearly demonstrating the advantage of using rRNA quantification. Besides, DGGE analysis tended to overestimate the proportion of L. fermentum by 2 to 5 orders of magnitude compared with rRNA quantification, and no real coherence was found for quantification of Streptococcus. This discrepancy could be due to comigration of different bands to the same DGGE position, as previously observed in a study of bacterioplankton (29) . Therefore, although band intensities in DGGE patterns may sometimes lead to correct estimation of the relative importance of a species, the use of phylogenetic probes (through rRNA quantification or in situ whole-cell hybridization [5, 45] ) remains indispensable for quantifying the dominating taxa in an environmental sample. However, there is a clear need for development and extended validation of phylogenetic probes to describe in more detail the structure of microbial communities, especially LAB communities.
The presence of large amounts of enterobacteria was shown both by enumeration on VRBG medium and by quantification of rRNA with the Entero probe. Their presence, despite the high lactic acid concentrations, may have been due to the existence of microenvironments or to the resistance of some strains to acid pH, as demonstrated by Wacher et al. (50) . In addition, two of the sequences identified may correspond to typical human fecal microorganisms (Bifidobacterium and Enterococcus), highlighting the need to improve the sanitary conditions of pozol making (15) .
